ABSTRACT: Since 2000 we have used artisanal fishing operations as an opportunistic platform for inwater studies of marine megafauna, including sea turtles. We present data on loggerhead turtles Caretta caretta incidentally captured by artisanal longline and gillnet fisheries activities operating from 7 ports along the coast of Peru. Data on location, body size and apparent maturity class of loggerheads were gathered. A total of 323 loggerhead turtle captures were recorded between latitudes 13 and 22°S in waters from 46.5 to 637.1 km off shore. Curved carapace length (CCL) ranged from 35.9 to 86.3 cm (mean ± SD = 57.2 ± 9.18 cm, n = 307), which equated to a predominance of juvenile turtles. The substantial fishing effort of the fisheries sampled (63 083 gillnet and 11 316 longline trips yr -1 ) underscores the importance of mitigating fisheries impacts on loggerheads in the southeastern Pacific. We recommend that regional research and conservation work quantitatively document and, where possible, reduce impacts to loggerheads in the southeastern Pacific foraging area. 
INTRODUCTION
The loggerhead turtle Caretta caretta is listed globally as endangered on the World Conservation Union (IUCN) Red List (IUCN 2007 ). In the Pacific, the primary nesting populations are located in Japan and eastern Australia (Uchida & Nishiwaki 1992 , Bowen 1995 , Limpus & Limpus 2003a , and annual nesting abundance has declined in recent decades in both regions (Limpus & Reimer 1994 , Chaloupka & Limpus 2001 , Kamezaki et al. 2003 . These reductions are largely the result of impacts at nesting beaches (i.e. egg predation by foxes, raccoons, and weasels at nesting sites), but also due to impacts from interactions with marine fisheries gear (Wetherall et al. 1993 , Poiner & Harris 1996 , Lewison et al. 2004 . Until recently, the issue of fisheries bycatch of sea turtles has been largely focused on the high-seas industrial fisheries (Wetherall et al. 1993 , Poiner & Harris 1996 , Lewison et al. 2004 , Casale et al. 2007 ). Bycatch in artisanal fisheries has now been recognized as a major threat (Gallo et al. 2006 , Lum 2006 , Pupo et al. 2006 , Alfaro Shigueto et al. 2007 , Bal et al. 2007 , Dossa et al. 2007 , Lewison & Crowder 2007 , Peckham et al. 2007 , Dutton & Squires 2008 . Nevertheless, small-scale artisanal fisheries are distributed throughout the world in areas that overlap important sea turtle habitats, and are therefore a significant challenge for sea turtle conservation efforts (Koch et al. 2006 , Read 2007 , Dutton & Squires 2008 .
In the Pacific Ocean, the bulk of research on migratory behavior and habitat use has been conducted in the North Pacific (Polovina et al. 2000 (Polovina et al. , 2004 (Polovina et al. , 2006 . TransPacific linkages have been demonstrated, connecting loggerhead activity in and around Baja California, Mexico, to breeding areas in Japan (Bowen 1995 , Resendiz et al. 1998 , Nichols et al. 2000 , Seminoff et al. 2004 , Koch et al. 2006 , Peckham et al. 2007 . Less is known about the loggerheads in the South Pacific, although the recent discovery of loggerheads off the coast of South America suggests life-history patterns that are similar to the North Pacific, with linkages between the southern nesting stocks in Australia and distant foraging grounds in the eastern tropical Pacific (Donoso et al. 2000 , Kelez et al. 2003 , Alfaro Shigueto et al. 2004 . Ongoing genetic studies indicate that the loggerhead turtles off Peru and Chile originate from southern hemisphere nesting stocks in eastern Australia (Donoso et al. 2000 , Alfaro Shigueto et al. 2004 and perhaps New Caledonia (P. H. Dutton unpubl. data).
In Peru, loggerhead turtles are known locally as 'amarilla' (yellow) or 'cabezona' (big head) turtles, and are commonly captured in artisanal fisheries off the southern coast (Alfaro Shigueto et al. 2004 ). Their meat is sometimes used for human consumption either on board, at fishing communities, or commercialized in domestic markets (Alfaro Shigueto et al. 2004 ). However, few demographic data are available, due largely to the pelagic nature of their distribution and the difficulty of accessing these areas for scientific studies.
There is scant information on the stock's spatial distribution, the size classes of the pelagic stages, and the foraging ecology of loggerheads in the South Pacific. Fisheries can provide a useful and practical platform for gathering information on marine species, such as sea turtles, that spend most of their lives at sea. By placing onboard observers on artisanal fishing vessels from several ports along the Peruvian coast, we describe the occurrence and distribution of loggerhead turtles in coastal Peruvian waters and use this information to define the size classes of loggerhead turtles captured by artisanal vessels off the coast of Peru and, ultimately, to provide information for sea turtle conservation and management decision making.
MATERIALS AND METHODS
Study area. The southeastern tropical Pacific contains highly productive waters, due largely to the wind-driven upwelling of the cold, nutrient-rich waters of the Peru-Humboldt Current System along the west coast of South America (Fiedler et al. 1991 , Bertrand et al. 2004 , Hatziolos & de Haan 2006 . The normal seasurface temperature (SST) typically ranges from 15 to 17°C in the austral winter (June to September) and 21 to 26°C in the austral summer (December to March).
Higher temperatures (> 26°C) are restricted to northern areas near the tropics (Bertrand et al. 2004 (Estrella et al. 1999 (Estrella et al. , 2000 and 11 316 longline trips annually (IMARPE unpubl. data) .
This study was conducted from 11 ports along the coast of Peru (Table 1 Onboard observers were trained in data and sample collection methods and species identification, including seabirds, sharks, small cetaceans, and sea turtles (Harrison 1983 , Jefferson et al. 1993 , Onley & Bartle 1999 , Pritchard & Mortimer 1999 2005). For data collection on target and non-target species, observers recorded information on fishing operations, locations of fishing areas, vessel-specific gear used, and the catch and bycatch obtained during the fishing trip. In addition, observers photographed turtles for subsequent confirmation of species identity (see Alfaro Shigueto et al. 2004) . A total of 328 trips (of these 7 were unable to conduct regular fishing operations and thus were excluded) were observed during the study period (Table 1) . Fishing trips monitored lasted 1 to 27 d (mean ± SD = 9.68 ± 0.3 d, n = 321 trips). Trips targeting mahi mahi operated in the austral summer season (December to March), while those targeting sharks were conducted during the remainder of the year (autumn through spring). Observers in Paita, Chimbote, Ancon, Callao, Pucusana, Marcona, and Ilo monitored longline trips. For Mancora, Constante, and Supe, only gillnets were sampled. In the port of Salaverry, we monitored both longlines and gillnets ( 
data). Longline vessels targeted mahi mahi and sharks (especially blue and shortfin mako). The areas of operation of these artisanal vessels included oceanic (> 200 m) and neritic waters (≤200 m).
Morphometric data and turtle handling. Hooked or entangled turtles were brought on board, measured, photographed, and sampled for other studies not described here (i.e. genetics, stable isotopes). Information collected for each turtle included the location (latitude and longitude) of capture, curved carapace length (CCL; measured from the nuchal notch to posterior-most tip), and carapace curved width (CCW; at the widest part of the shell) (Bolten 1999). Measurements were made using a metric tape (± 0.1 cm). Turtles in good condition were typically released within 1.5 h of landing. Released turtles were double tagged with Inconel tags (Style 681; National Band and Tag Company) applied to the trailing edge of both front flippers. For injured and comatose turtles, we followed handling and resuscitation techniques described on the NOAA Southeast Fisheries Science Center website for onboard observers (www.sefsc. noaa.gov/seaturtlefisheriesobservers.jsp). Dead turtles were measured and then discarded at sea.
The level of injury of bycatch turtles was classified as 'severely hooked' or 'lightly hooked'. We defined severely hooked as a hook that was compromising the tongue, esophagus, or was swallowed, or when the hook was located in the upper jaw, potentially compro- Fig. 1 . Caretta caretta. At-sea locations of loggerhead turtles captured off Peru (n = 299). Loggerhead turtles were grouped by curved carapace length size classes: juveniles (< 70 cm), subadult (70 to 85 cm) and apparent adults (> 85 cm) mising brain functions. Turtles classified as lightly hooked were those hooked externally (neck, flippers), or where the hook was located in the sides of the mouth or in the lower jaw. We inferred maturity status using size thresholds from the literature on the eastern Australia loggerhead population (Limpus & Limpus 2003b) , which is believed to be part of the same genetic stock as loggerheads in the southeastern Pacific (Donoso et al. 2000 , Alfaro Shigueto et al. 2004 . We acknowledge that there is no knifeedge differentiation for animal size and stage class of maturation, especially since no internal analyses were conducted for the individuals caught during the present study. However, to facilitate comparisons with studies in the western Pacific (Limpus & Limpus 2003b) , we classified loggerheads as juveniles, subadults, and adults, based on CCLs of < 70 cm, 70 to 85 cm, and > 85 cm, respectively (Limpus & Limpus 2003b) .
Mean lengths (±1 SD) are given unless otherwise indicated. We used SPSS 15.0 for statistical analyses. Significance was established when p ≤ 0.05. Maps were created using MAPTOOL (SEATURTLE.ORG, V. 2002, available at www.seaturtle.org/maptool).
RESULTS

Loggerhead interactions and spatial distribution
A total of 323 loggerhead turtles Caretta caretta were examined during this study (Table 1) . The majority of turtles (82%) were captured by vessels operating out of Ilo, and 99% were captured due to interactions with longline gear (Table 1) .
All but 1 loggerhead (0.3%, n = 323) were reported alive when landed. Entanglement in the branchlines and main line (53.9%, n = 317) was more common than hooking (43.5%), while 2.6% of turtles were both entangled and hooked. Assessment of the degree of injury caused by hooking was only possible for a subsample (n = 51), in which turtles were categorized as severely injured (41.2%, n = 51) or lightly injured (58.8%). During the sampled trips we did not observe the sacrifice of any loggerhead for human use, possibly due to the observer's presence on board.
The location of bycatch loggerheads ranged from ca. 46.5 to 637.1 km (mean ± SD: 155.7 ± 4.95 km, n = 299 turtle locations) from the coast, between latitudes 13 and 22°S (Fig. 1) . From turtles with information on depth of capture, only 1 individual was captured in the neritic zone (water depth = 125 m), while the remaining turtles (99.67%, n = 298) were caught in oceanic waters (mean ± SD depth: 4470.7 ± 86.1 m).
Size class analysis
Of the 323 loggerhead turtles caught in the present study, we obtained complete morphometric data from 307 individuals. The mean (± SD) CCL of all captured loggerheads was 57.2 ± 9.18 cm (range: 35.9 to 86.3 cm, n = 307). CCL was highly correlated with CCW (regression, CCL = 2.393 + 0.998 × CCW, r 2 = 0.89, p < 0.0001), and therefore only CCL was examined for descriptive and comparative analyses (Fig. 2) .
Using our classification criteria, we found that 91.5% of the loggerheads were juveniles, 8.1% were subadults, and only 0.3% (1 individual) was a possible adult (Fig. 2) . Within the individuals classified as juveniles, the majority (67.7%) corresponded to large juveniles between 50 and 70 CCL (Fig. 2) .
DISCUSSION
The present study highlights how preliminary studies aimed at describing bycatch also facilitate studies of the demography of endangered marine fauna; a viable technique when other mechanisms are unavailable for data collection. This is particularly true for elusive species such as sea turtles that spend the majority of their lives in open ocean areas that are distant from research facilities and difficult to access by other means. We acknowledge the inherent bias in this approach, since vessels target specific areas and 'sampling' is selective, as collection is affected by gear type 132 Fig. 2 . Caretta caretta. Curved carapace length (CCL) distribution of loggerhead turtles incidentally caught in Peru (n = 307), showing the cut offs for every 5 cm of CCL, between the 3 size classes (n = 307): juveniles (< 70 cm), subadults (70 to 85 cm), and apparent adults (> 85 cm). Categories are based upon CCL and not internal analysis of gonads (as in Heppell et al. 1996) . Size classes were adopted from values from figures for CCL and maturity stage class presented in Limpus & Limpus (2003b) and configuration as well as by fishing effort. However, in the absence of other fisheries-independent approaches available for studying threatened and endangered species at sea off Peru, we suggest that the collection of such data is essential for developing effective conservation programs, regardless of the potential biases. Moreover, data obtained from bycatch turtles have provided substantial information for population modeling, helping to determine key demographic and life-history components that have been vital for the development of related management policies and conservation measures for other sea turtle populations (Crouse et al. 1987 , Crowder et al. 1994 , Heppell et al. 1996 , Chaloupka & Limpus 2001 ). Using our classification criteria, we obtained only 1 Caretta caretta individual categorized as adult. Considering information presented in Limpus & Limpus (2003b) , describing 80 cm CCL as the minimum breeding size documented for loggerheads in eastern Australia and given the variability in the relationship between size and maturity status, this apparent adult may also have been a large subadult. However, the absence of adults does not suggest that this fishery has an insignificant impact on southern Pacific loggerheads. Stage-based models of loggerhead turtles in the North Atlantic indicated that reduced survival rates of individuals ranging from 58.1 to 80 cm straight carapace length, which matches the size distribution recorded in our dataset, seriously impaired the survival or recovery of the population (Crouse et al. 1987) . Heppell et al. (1996) determined similar results in a model for the eastern Australian loggerhead population.
Chaloupka (2003) modeled competing risk factors for the western South Pacific loggerhead stock across each life stage, concluding that declines in the population were probably due to chronic adult recruitment failures. Given the number of years sea turtles take to reach maturity, high and prolonged mortality of large juveniles may lead to similar recruitment failure and thus threaten population viability.
Known threats to the eastern Australian loggerhead population include fox predation on eggs, fishery bycatch by trawl, gillnet and crab trap fisheries on internesting and foraging turtles, boat strikes, and ingestion of synthetic debris (Limpus & Reimer 1994 , Poiner & Harris 1996 , Chaloupka 2003 , Limpus & Limpus 2003a . Using stochastic modeling, Chaloupka (2003) also showed how only 3 threats or competing risk factors (egg predation by foxes, bycatch of immature and adult turtles in coastal trawlers, and bycatch of oceanic juveniles in distant water longliners), stock viability would be negatively impacted. During the present study we reported that most loggerheads were released alive (99.7%). Although a low direct mortality rate was observed (0.32%), the high incidence of severely hooked and injured turtles (41.2%) and evidence of post-hooking mortality (Chaloupka et al. 2004 , Sasso & Epperly 2007 , combined with the large number of fishing trips, suggest that artisanal fisheries operating in coastal waters of Peru are a major threat to juvenile loggerheads at foraging grounds in the southeastern Pacific.
Ontogenic habitat shifts were first described as 'developmental migrations' by Carr (1987) and have been shown for a number of sea turtle populations (Carr et al. 1978 , Bolten et al. 1998 , Lahanas et al. 1998 . For example, loggerheads in waters of the eastern North Pacific near Baja California, Mexico, are exclusively immature-sized turtles (Seminoff et al. 2004 , Koch et al. 2006 , Peckham et al. 2007 , while those in the western North Pacific are largely adults. Telemetry and tagging studies suggest that loggerheads from foraging areas in the central and northeastern Pacific eventually migrate westward to Japan (Resendiz et al. 1998 , Nichols et al. 2000 and remain in the western Pacific for the remainder of their lives in breeding and foraging areas around the Japanese rookeries (Sakamoto et al. 1997 , Hatase et al. 2002 .
Size at recruitment to coastal neritic foraging areas in eastern Australia from oceanic juvenile life stages ranges from 66.7 to 93.9 cm CCL (mean = 78.62 cm CCL) (Limpus & Limpus 2003b) . Therefore, most loggerheads from the present study were smaller than these neritic-stage juveniles and subadult recruits from eastern Australia. The preponderance of immature age classes in Peruvian waters, coupled with the absence of loggerheads between 4 and ~70 cm CCL in eastern Australian waters (Limpus & Limpus 2003b) , suggests that southern Pacific loggerheads also make developmental movements, most likely in Australia and New Caledonia (P. H. Dutton et al. unpubl. data) , to juvenile foraging habitat in the eastern Pacific, and back to adult foraging and nesting habitats in the western Pacific. The absence of adult size classes in the southeastern Pacific further suggests that breeders do not re-migrate to these foraging habitats.
Many of the loggerhead capture locations considered in the present study were in waters off northern Chile (Fig. 1) , further highlighting the trans-boundary distribution of this species in the southeastern Pacific. Donoso et al. (2000) and Donoso & Dutton (2006) reported loggerheads in Chilean waters as bycatch in the Chilean commercial high seas longline fisheries for swordfish. The potential impacts of Chilean artisanal coastal fisheries on loggerhead turtles are currently being investigated (M. Donoso pers. comm.).
The paucity of data available on the aquatic life stages of sea turtles can be addressed, and valuable biological information obtained, in part through the use of fishing vessels (including artisanal vessels) as research platforms and the implementation of onboard observer programs with appropriate research methods. Also, the use of onboard observers has the potential added benefit of encouraging the participation of the main stakeholders (fishermen) to become actively involved in research and conservation programs. We recommend the use of similar programs in the region and globally to help describe the demographic and habitat use characteristics of protected marine species. 
